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LITERATURE REVIEW 
Certain strains of Bacillus subtilis produce extra­
cellular a-amylase in copious amounts. Amylase production 
is of considerable economic significance because this starch-
degrading enzyme is used for a variety of commercial processes. 
As a result, much work has been devoted to understanding more 
fully the mechanisms of action of amylases in degradation of 
starch. Several excellent reviews of the biochemical aspects 
of amylases have been published within the past five years 
(Greenwood and Milne, 1968; Pazur, 1965; Robyt and Whelan, 
1968; Windish and Matre, 1965); only the points directly 
pertinent to the areas reviewed here will be repeated. 
Synthesis and Secretion of Amylase 
The problem that has proven fascinating to me and to 
which the first part of this review will be directed, is the 
synthesis of a biologically active macromolecule and secretion 
of this macromolecule across the cell membrane and cell wall. 
The limiting membrane of the cell would seem to prevent the 
accumulation of enzymes at the exterior of the cell. This 
process in eucaryotic cells is a very common occurrence and 
is understood in greater detail than in the microbial systems. 
For a review of mammalian systems, the reader is referred 
to the review by Schramm (1967). The question of extra­
cellular enzyme synthesis by microorganisms has been reviewed 
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by. Lampen (I965), who divided the study of enzyme secretion 
into three facets: (l) the site of enzyme formation; (2) 
the means by which the new enzyme reaches the cell membrane; 
and (3) the mechanism of release from the cell. I will 
attempt to review the literature pertaining to the synthesis 
of the amylase of B. subtilis using this format. 
The enzyme molecule is synthesized ^  novo in the cell, 
as.shown by inhibition studies (Coleman and Elliot, 1962; 
Kinoshita, Okada, and Terul, 1968); inhibition of protein 
synthesis resulted in Immediate cessation of amylase syn­
thesis. The site of synthesis seems to be associated with 
the cell membrane, since cell lysates are almost devoid of 
amylase activity. A very stable messenger RNA (mRNA) • 
molecule is Involved, as was shown by Kinoshita et al. 
(1968). These findings provided a unified model for 
amylase synthesis: mRNA is translated from the DNA on the 
chromosome; and the mRNA is transported to the cell membrane; 
where, because of its unique stability, many molecules of 
active enzyme are transcribed. 
The question of release of the enzyme from the cell 
is Inadequately understood. There appears to be an inter­
action of the cell wall In the secretion mechanism. Nomura, 
Maruo and Akaborl (1956) found that amylase production 
occurred optimally in old cells which were very susceptible 
to lysis. However, lysis per se was not necessary for 
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production, and cells could be stabilized by the addition 
of polyethylene glycol or starch. May and Elliott (1968b) 
showed that protoplasts would not form extracellular 
enzymes, even though normal protein synthesis was not 
effected. These workers (1969) also discovered that culture 
supernatants contained a heat stable factor that rapidly 
lysed protoplasts; the time of production of the factor 
correlated with the time of extracellular enzyme production. 
Oishi, Takahashi, and Maruo (1963) reported that the small 
amount of intracellular amylase which was found in frozen 
cells was rapidly secreted when the cells were warmed. 
These results were interpreted to mean that the amylase was 
completely synthesized within the cells and irreversibly 
released when the cells were warmed. Elliott and May (1969), 
however, hypothesized that extracellular enzymes were 
secreted as nascent polypeptide chains directly from the 
cell membrane and assumed their tertiary structure after 
they reached the culture supernatant. This hypothesis was 
proposed to explain the inability to find any intracellular 
amylase in cell lysates (Elliott and May, 1969). In con­
clusion, several workers have tried to elucidate the 
sequence of events that occurs between the time an amylase 
molecule is synthesized within the cell and the time that 
the molecule becomes an active enzyme outside of the cell. 
The actual mechanisms involved, however, are still a mystery. 
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Another area of interest in amylase formation is the 
regulation of its production. The study of amylase regula­
tion in B. subtilis is complicated because there are dif­
ferences between strains in production patterns. The 
strains commonly studied by the Japanese workers charac­
teristically produce amylase only after they have reached 
the stationary phase of growth; notable in this group are 
strains N, H, and K. However, the strains extensively 
studied by Coleman (196?) and the strains used for this 
study produce amylase during the logarithmic phase of growth. 
There is more evidence that these differences are due to a 
more sensitive metabolic control in the Japanese strains 
than in the strains studied in the United States and Europe. 
Coleman and Grant (1966) and Coleman (1967) found that 
amylase formation was inversely proportional to increase 
in cell mass. When cell mass was increasing rapidly, amylase 
formation was low; when growth slowed, the rate of amylase 
formation increased to a linear value which was maintained 
in stationary phase. The same relationship was shown with 
extracellular ribonuclease and protease. Glucose, acting 
by catabolite repression, decreased the rate of amylase 
formation, but this was a nonspecific repression which 
could also be caused by other carbon sources. There was 
no evidence for a specific inducible system, such as 
phosphate repression of ribonuclease and amino acid repres-
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sion of protease (May and Elliott, 1968a). Coleman (1967) 
proposed that the size of the intracellular pool of RNA 
precursors could be the limiting factor in exoenzyrae mRNA 
formation. During logarithmic growth, the precursors 
might be preferentially used for synthesis of the anabolic 
functions of the cells. As the cells reached stationary 
phase, the utilization of these precursors decreased, 
allowing their use in the production of mRNA for extra­
cellular enzymes. 
Genetics of Alpha Amylase Formation 
Genetic analysis of Bacillus subtilis is a comparatively 
new field because genetic transfer in Bacillus spp. was not 
observed prior to 1958» In 1958 Spizizen (1958) first 
demonstrated deoxyribonucleic acid (DNA) mediated trans­
formation in the Marburg strain of B. subtilis. The events 
involved and the ideal conditions for this phenomenon were 
soon elucidated (Anagnostopoulos and Spizizen, 196I; Young 
and Spizizen, I96I). It was also shown that linkage of 
genetic units within an operon and of genes from different 
opérons occurred during transformation (Nester and Lederberg, 
I96I; Ephrati-Elizur, Srinivasan, and Zamenhof, 1961). Since 
that time the transformation system has proven satisfactory 
for fine-structure mapping within opérons, but of lesser 
value for determining the precise positions of opérons on 
the chromosome. It was demonstrated that the size of the 
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transforming DNA segment that entered the cell was quite 
small, so only very closely linked genes could be co-
transformed in a single event. 
Shortly after the discovery of the transformation 
system, two transduction systems were found in B. subtilis. 
The first transducing phage was found by Takahashi (196I) 
and designated PBSl. This bacteriophage has subsequently 
been extensively studied (Takahashi, 1963; Takahashi, 1964; 
Takahashi, 1966; Yamagishi and Takahashi, I968; Yamagishi, 
1968) and found to be a truly unique bacteriophage. 
Bacteriophage PBSl mediates generalized transduction among 
strains of B. subtilis as well as Bacillus pumilus (Lovett 
and Young, 1970)• The phage exists in a lysogenic carrier 
state within the host cell. The double stranded DNA of 
PBSl is unique in that uracil replaces thymine in the DNA. 
Thus, transducing particles are readily separated from 
plaque forming units on the basis of density by differential 
ultracentrifugation. 
Phage PBSl is specific for motile cells and attaches 
to the flagella; the exact mechanism by which the phage 
DNA enters the cell is unknown. Phage PBSl is unusually 
large with a head larger than that of the T-even phages of 
Escherichia coli. This was found to be of considerable 
genetic significance because the size of transduced DNA 
was much larger than that of transforming DNA. Dubnau et al. 
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(1967) estimated that the transducing fragments had a 
molecular weight of 2 to 3 x 10^ ; the intact B. subtilis 
chromosome had a molecular weight of 4 x 10^ . Thus, up to 
5 percent of the chromosome could be transferred in a 
single transduction. This provided an excellent method for 
determining linkage between auxotrophic markers that were 
as distantly located as 10 percent of the total length of 
the chromosome. 
A second transducing phage of B. subtilis, SPIO, was 
isolated by Thorne (1962). This phage was similar to PBSl, 
although it was much smaller; the size of the transduced 
fragment was comparable to transforming DNA. Phage SPIO 
also exhibited generalized transduction and was carried 
in a pseudolysogenic state in the infected host (Taylor and 
Thorne, 1966). Prom the transformation and transduction 
systems has emerged a well-characterized genetic linkage 
map of the B. subtilis chromosome. 
Several refinements in the B. subtilis transformation 
system permitted Investigators to determine more readily 
the position of various auxotrophic markers on the 
chromosome. The first technique was marker frequency 
analysis (yoshikawa and Sueoka, 1963a; Sueoka and 
Yoshikawa, 1965). The basis of this mapping technique 
was that, when cells are growing exponentially, the average 
configuration of the chromosome would find the replication 
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point at the middle of the chromosome. Therefore, twice as 
many markers would be replicated at the origin than at the 
terminus. When the cells were in spore stage or in 
stationary phase, the chromosome was in completed form and 
contained an equal number of origin and terminus markers. 
This was demonstrated to be the case by comparing the 
frequency of transformation of markers from the origin, 
middle, and terminus of the chromosome with DNA extracted 
from exponential and stationary phase cells of B. subtilis 
strain W23 and from exponential phase cells and spores of 
strain l68. From these experiments it was possible to 
estimate the, "(l) map positions of genetic markers; (2) 
number of replication positions per chromosome; (3) resting 
period; (4) relative amount of DNA per chromosome; and (5) 
average time of replication by each replication point" 
(Sueoka and Yoshikawa, p. 755^  19^ 5). 
The marker frequency analysis of the replication order 
of markers on the B. subtilis chromosome was confirmed by 
a second refinement of genetic technique: density transfer 
(Yoshikawa and Sueoka, 1963b; Yoshikawa, 0'Sullivan, and 
Sueoka, 1964; O'Sullivan and Sueoka, 1967). In this method 
DNA extracted from synchronously germinated spores which 
were labeled with Sn-thymine and 32p-phosphate and germinated 
in unlabeled media was used. The DNA was subjected to 
density gradient centrifugation and the hybrid DNA was 
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isolated. Hybrid DNA was then used to transform various 
auxotrophs of strain l68. The position on the chromosome 
was a function of the time required for the specific 
marker in question to appear in the hybrid fraction of the 
DNA. Density transfer experiments allowed very good 
resolution of markers close to the origin of the chromosome 
and permitted relative positioning of linkage groups. 
These methods were combined to present the most 
extensive map of the B. subtilis l68 chromosome to date by 
Dubnau et al. (I967). The PBSl transduction system allowed 
direct cotransductional linkage of all markers into four 
linkage groups, with the exception of one marker, purBô, 
which was found not to be linked. These linkage groups were 
subsequently oriented from origin to terminus by use of 
density transfer experiments. With very few exceptions, 
this linkage map has not been significantly altered in the 
past three years. The only anomaly found in the PBSl 
linkage was between hisAl and arg C4. Although Dubnau 
et al. (1967) showed a cotransduction frequency of 22 per­
cent, Young, Smith, and Reilly (I969) were not able to 
find any cotransduction between these two markers with a 
variety of strains including those of Dubnau. However, 
linkage was observed (Young et al., I969) when another 
strain, in which the hisAl marker had been transformed 
into a strain carrying the argC4 lesion, was used. The 
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possible hypotheses presented to explain these results were: 
(l) nonhomology in the hisAl region; (2) selective breakage 
of the chromosome by PBSlj (3) induction of a defective 
virusj or (4) presence of an episome. 
The map of Dubnau et al. (1967) has also been extended 
and some linkage groups have been connected. Lepesant et al. 
(1969) showed that the structural gene for the levan sucrase 
of strain 168 was a total of 127 transductional units closer 
to the origin than the previously known origin marker, 
purAl6. Ionesco and Cami (1969) showed that phe-1 of 
linkage group III and lys-1 of linkage group IV would both 
cotransduce with an acriflavine resistance marker as well 
as several sporulation mutants; therefore, linkage groups 
III and IV were connected. Groups II and III were found to 
be linked by Hegarat and Anagnostopoulos (1969), who 
demonstrated linkage of ura-2 and argAll to recAl, using 
PBSl transduction. 
The initial report of genetic transfer of the amylase 
marker was by lijima and Ikeda (1963). Generalized trans­
duction with phage SPIO was employed. The amylase marker 
of B. subtilis strain K was linked to both uracil and 
cysteine auxotrophs; however, this work was never extended..-
Little correlation to the strain of B. subtilis that we 
used can be seen because the ura and cys markers are too 
distantly located on.the chromosome of strain I68 to permit 
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demonstrable linkage using the SPIO system. 
Green and Colarusso (1964) performed the first extensive 
genetic analysis of.the amylase gene In B. subtllls. They 
studied the effects of transforming the amylase gene of 
strain 1088 Into strain l68. The transformed amylase was 
then compared electrophoretically to those of the donor 
and recipient. They concluded that the recipient amylase 
was not replaced by the donor amylase, but was repressed; 
therefore, the amylase gene of 1088 was not allelic with 
that of strain 168. This hypothesis, while being credible. 
Is not readily acceptable to me. Why would a gene be 
repressed In the recipient cell by a piece of DNA which 
confers to the cell a protein with a similar function? The 
concept does not seem to fit what Is known of the crossing-
over integration of homologous regions of the genome during 
transformation. The only case where such a circumstance 
would be expected would be if the gene were episomal. 
Contrasting results of transformation experiments were 
reported by Yuki (I967). Amylase-negative mutants were 
obtained by irradiating spores with ultraviolet light. The 
mutants were found to transform to amylase production at a 
frequency of 1 x 10"3; when a trp-2 marker was used as a 
selection for competent cells the amylase marker could be 
cotransformed at a frequency of 6 to 10 percent. By using 
an amylase-negative recipient, Yuki transformed six electro-
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phoretlcally distinct amylases from other strains of B. 
subtllls. Either the recipient or donor type amylases 
could be Isolated from different transformants, indicating 
typical crossing-over within the gene with homologous 
donor DNA. This indicated that the gene was homologous 
within these strains of B. subtllls. Yukl proposed a 
gene, specified E, that determined the molecular conforma­
tion of the amylase molecule which conferred the electro-
phoretic mobility characteristic to that strain. This would 
seem to be unnecessary because the crossing-over phenomenon 
would account for expression of either the donor or recipient 
amylase, depending on the site of the structural mutation 
and the size of the transformed DNA segment. 
Following the initial report by Yukl (1967), Yukl and 
Ueda (1968) ordered 15 amylase mutants in a fine structure 
map of the amylase structural gene. To do this, they first 
isolated a linked auxotrophic marker using nitrosoguanidlne 
mutagenesis. This mutant, designated aro-ll6, was a 
phenylalanine-, tyrosine-, and tryptophan- requiring mutant 
which would cotransfer the amylase gene with about 35 per­
cent efficiency. The cotransfer was not dependent on DNA 
concentration and seemed to be true genetic linkage. The 
mutation was not found to be linked to either the trp-2 
region of aromatic amino acid synthesis or the phe-12 region 
on the B. subtllls chromosome map. Using the aro-ll6 
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selection system, these workers crossed their amylase-
negative strains and created a fine structure genetic map 
from three point cross data using the technique of Carlton 
(1966). 
Shortly after this work, a rate controlling gene, 
designated amyH, was shown by Yuki (I968) to be transferred 
with the amy structural genes. This was shown by trans­
forming 1088 DNA into strain I68. The rate of enzyme pro­
duction typical of 1088 could be transformed separately 
from the structural gene, as shown by electrophoretic 
mobility of the newly-formed amylase. This gene was found 
to be closely linked to the amy structural gene on the distal 
end of the aro-ll6 selection marker. Yamaguchi, Matsuzaki, 
and Maruo (1969) demonstrated the same rate-controlling gene 
by transforming a B. subtilis 168 recipient with Bacillus 
natto DNA and characterizing the amount and electrophoretic 
mobility of the newly transformed amylases. Prom this data 
it appeared that additional genetic analysis of the amylase 
gene, particularly mapping of the structural and regulatory 
genes on the newly characterized genetic transfer map of 
B. subtilis, would be of value. 
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MATERIALS AND METHODS 
Organisms 
The strains of bacteria used in this study are listed 
in Table 1. All cultures used for genetic transfer were 
derivatives of B. subtilis W23 or B. subtilis l68. The 
W23 strains were used as donors for SPIO transductions 
and transformations for marker frequency experiments. 
Derivatives of l68 were used as both recipients and donors 
for PBSl transductions. The auxotrophic mutants were 
received from many contributors (Table l), to whom I am 
very grateful. The designations of genotype are in accord­
ance with the proposals of Demerec et al. (1966) and based 
on the work of Dubnau et al. (1967). In addition to the 
bacterial strains, two transducing phages were used, PBSl 
and SPIO; these were kindly provided by Dr. Kenneth Bott. 
The cultures were maintained on agar slants of 
Shaeffer's sporulation medium (Yoshikawa, 1965). After 
incubation for one week at 37° C, sporulation was 
practically complete; the slants were kept in the refrig­
erator for the duration of the research. Both transducing 
phages are lysogenic for strain 168 and exist in a 
pseudolysogenic state in the spore; therefore, these 
phages were kept in spores on sporulation slants of strain 
SBI9E, as described by Takahashi (1964). 
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Table 1. Strain designation, genotype, and source of 
strains used in this study 
Strain Genotype Source 
W23 str D. M, Green 
W23th thy, his N. Sueoka 
23059 prototroph I. Takahashi 
168 trp-2 D. M. Green 
SBl trp-2, hisB2 D. M. Green 
MU8U5U1 leu-8, metB5, ile-1 N, Sueoka 
MU8U5U2 leu-8, metB5, hisB2 N. Sueoka 
Mu8u5u5 leu-8, metB5, thr-5 N. Sueoka 
MU8U5U6 leu-8, metB5, purBô N. Sueoka 
MU8U5U16 leu-8, me tB5, purAl6 N. Sueoka 
MU8U17 leu-8, lys-17 N. Sueoka 
Mul2ul7 phe-12, lys-17 N. Sueoka 
l68yyu trp-2, hisB2, tyr N. Sueoka 
Cl4 cysAl4 I. Takahashi 
A26 ura-26 I. Takahashi 
SB19E str, ery I. Takahashi 
851amy leu-8, metB5j ile-1, amy-1 NG 
yyua trp, his, tyr, amy-2 UV 
1-57 trp-2, amy-3 P. C. Huang 
A6 trp-2, amy-4 J. Spizizen 
A7 trp-2, amy-5 J. Spizizen 
TIBS31 trp-2, amy-6 NG 
TIBS32 trp-2, amy-7 NG 
TIBS33 trp-2, amy-8 NG 
TIBS34 trp-2, amy-9 NG 
TIBS35 trp-2, amy-10 NG 
Cl4a oysAl4, amy-11 NG 
TIBS40 trp-2, amyRl NG 
TIBS4I trp-2, amyR2 NG 
TIBS42 trp-2, amyR3 m 
TIBS43 trp-2, amyR4 NG 
TIBS44 trp-2, amyR5 NG 
TIBS45 trp-2, arayRô NG 
BD68 ura, argC, leu J. Marmur 
BD70 metA, trp-2 J. Marmur 
BD71 hisA, argC, ura J. Marmur 
BD92 hisA, cysB, trp-2 J. Marmur 
TIBS50 amy-3 congression 
BD4O argA, phe-1 D. Dubnau 
32 IB trp-2, sacA P. Kunst 
Table 1. (Continued) 
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Strain Genotype Source 
So 32 
SB116 trp-2, aroPll6 
trp, glu, asp 
aro-10, amy-3 
trp-2, sacC F. Kunst 
J. Hoch 
J. Hoch GSU 292 
TIBS57 NG 
Media 
Shaeffer's sporulation medium was prepared according to 
Yoshikawa (1965). The composition of the medium is (per 
liter); nutrient broth, 8 gm; MgS04-7H20, 0.25 gm; KCl, 
1.0 gm; MnClg'^ HgO, 0.0012 gm; PeSO^ 'THgO, 0.0028 gm; 
Ca(N0^ )2'5H20, 0.0016 gm; and agar, 15 gm. 
The basic synthetic medium used for isolation of trans-
duo tant s and transformants was that of Spizizen (1958). The 
composition of this medium is (per liter): K2HPO4, gm; 
KH2PO21., 6 gm; (NH2|)2S02j,, 2 gm; Nag-citrate, 1 gm; 
MgS02(.'7H20, 0.2 gm; glucose, 5 gm; and agar, 15 gm. The 
salts were prepared as a lOX solution and added aseptically 
after autoclaving; the glucose was prepared as a lOOX 
solution and also added after autoclaving. Required amino 
acids were added to a final concentration of 5 ng/ml and 
required purines or pyrimidines to a final concentration 
of 50 Mg/ml. Broth medium for preparation of competent 
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cells was synthetic medium plus 0.01 percent yeast extract. 
Propagation of transducing lysates was done in Penassay 
Broth (Difco). Titration of lysates was done using the 
soft agar technique and NBYG medium of Thorne (1962). The 
composition of NBYG medium is (per liter): nutrient broth, 
8 gmj yeast extract, 3 gm; glucose, 1 gm; NaCl, 5 gmj 
MgSO^ 'THgO, 0.2 gm; MnSO^ 'HgO, O.O5 gm; and CaCl2*2H20, 
0.15 gm. Bottom agar contained 1.5 percent agar and the 
soft agar overlay contained 0.5 percent agar. Nutrient 
agar (Difco) plus 0.5 percent glucose and 0.4 percent 
soluble starch (NSG) was used for plating of cells in 
mutagenesis experiments. 
Mutagenesis 
Mutagenesis of B. subtilis 168 for the isolation of 
amylase-negative mutants was done by using either ultraviolet 
(UV) light or N-methyl-N'-nitro-N-nitrosoguanidine (NG) 
(Sigma Chemical Co., St. Louis, Mo.). Ultraviolet irradi­
ation was carried out by the method described by Yuki 
(1967). Standard spore preparations were made by growing 
the strain to be mutagenized on slants of Shaeffer's 
sporulation medium for one week. Spores were washed from 
a slant with 4.5 ml of O.OIM phosphate buffer (pH 6.8) and 
the spore suspension was Incubated at 37° C for 1 hr in 
the presence of 50 ug/ml of filter-sterilized lysozyme 
(Sigma Chemical Co.). The spores were washed several times 
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with phosphate buffer and suspended in 5 ml of sterile 
buffer; direct microscopic counts of the numbers of spores 
were made by using a Petroff-Hauser bacteria counting slide. 
An UV exposure-viable cell count curve showed that exposure 
of the spores for 4 min to our UV source resulted in a 
99.99 percent kill, so 4 min was used as the optimum time 
of exposure. Spores were suspended in 10 ml of phosphate 
buffer to a concentration of 1 x 10®/ml; the spore suspension 
was poured into the bottom of a petri plate and exposed to 
UV light for 4 min with constant agitation. Irradiated 
spores were then diluted in 4.5 ml dilution blanks, and the 
optimum dilution for plating was determined by plating on 
NSG plates which were incubated for 20-24 hr. During this 
time, the irradiated spore suspension was stored in the 
refrigerator. The optimal dilution, about 50 colonies/ 
plate, was then plated on 30 to 300 plates of NSG agar 
which were then incubated at 37° C for 24 hr. Amylase-
negative mutants were detected by placing an inverted NSG 
plate in the top of a petri plate containing iodine crystals. 
Iodine vapors stc4n unhydrolyzed starch in the NSG plate. 
Colonies that did not have a clear halo of starch 
hydrolysis around them (possible amylase-negative mutants) 
were picked and streaked on NSG plates. These were then 
purified and stored on slants of Shaeffer's sporulation 
medium. 
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For NG mutagenesis a loopful of spores was shaken in 
5 ml of PA broth for 5 hours at 37° C. The cells were 
pelleted by centrifugation and resuspended in 10 ml of 
citrate buffer (Na^ -oitrate, 8.5 gm/l, adjusted to pH 5.0 
with HCl) containing 100 ug/ml of NG. This cell suspension 
was shaken for 1 hr at 37° C on a wrist-action shaker, then 
the cells were removed by centrifugation, resuspended in 
5 ml of PA broth, and shaken an additional hour at 37° C. 
The determination of optimum plating dilution, plating, 
and screening for amylase-negative mutants was the same as 
described for W mutagenesis in the preceding paragraph. 
NG was found to be a much more efficient mutagen than the 
UV for producing amy mutants. 
Transductions 
Preparation of transducing lysates of phage PBSl was 
done according to Takahashi (1963, 1964). A loopful of 
spores which carried the lysogenic phage was suspended in 
5 ml of PA broth and incubated at 37° C for 24 hr. After 
removal of the cells by centrifugation, the supernatant 
usually contained about 10 pfu/ml. The donor culture was 
prepared by first spotting a loopful of spores on a soft 
agar plate (NBYG plus 0.2 percent agar) which was then 
incubated at 37° C overnight; cells that had migrated to 
the edge of the plate were transferred with a loop into 
3 ml of PA broth. This technique selected for highly ifiotile 
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cells, which are a requisite for successful PBSl transduction 
experiments because phage PBSl attaches to the bacterial 
flagella. After the 3 ml of inoculated PA broth was shaken 
for 4-5 hr, 1 ml of culture was added to 9 ml of sterile PA 
broth in a 250-ml Erlenmeyer flask. One-tenth of a ml of 
phage was added and the flask was shaken on a rotary shaker 
for 1 hr at 37° C. The flask was removed from the shaker 
and allowed to remain stationary at 37° C overnight, then 
the cells were removed from the culture by centrifugation. 
To degrade transforming DNA, deoxyribonuclease (Worthington 
Biochemical Corp., Freehold, N.J.), 50 ug/ml, and MgClg, 
0.01 M, were added to the lysate which was incubated at 37° C 
for 1 hr. The lysates were then sterilized by filtration 
through membrane filters (HA type, 0.45U (Millipore Corp., 
Bedford, Mass.). 
Assays to determine the numbers of plaque-forming units 
(pfus) were done according to Takahashi (1963), using the 
NBYG medium of Thome (I962), The indicator strain, B. 
subtilis 23059, was kindly supplied by Dr. I. Takahashi. 
The indicator strain was grown at 37° C with shaking for 
5 hr in 5 ml of NBYG broth. Serial dilutions of the phage 
lysates were prepared in tubes containing 0.9 ml of NBYG 
broth to which had been added cells of 23059. The phage 
was allowed to absorb to the cells for 20 min at 37° C, 
then 0.1 ml was added to 5 ml of NBYG soft agar to which had 
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been added 0.1 ml of cells. Inoculated tubes of soft agar 
were used to overlay plates of NBYG agar. The numbers of 
pfus were determined by counting plaques after incubation 
of the plates for 8 hr at 37° C. The plaques were very 
turbid and difficult to count. 
Transduction with phage PBSl was also done according to 
Takahashi (1963). ,The recipient culture was prepared the 
same as the donor culture to insure motility. After shaking 
for 4.5 hr^  0.9 ml of the recipient culture was added to 
0.1 ml of the phage lysate and the mixture was incubated at 
37° C for 30 min without shaking. Phosphate buffer (4.5 ml, 
0.01 M, pH 7) was added, the cells were removed by centri-
fugation and resuspended in 1.0 ml of buffer, then 0.1 ml 
aliquots were plated on appropriate synthetic media. Phage 
SPIO was propagated and used for transduction by procedures 
identical to those used for phage PBSl, except the enrichment 
for motility was not necessary. 
Transformation 
Isolation of transforming DNA was accomplished using 
a modification of the Marmur (1961) technique. Spores were 
washed from a Shaeffer's sporulation slant and grown in 1 
liter of nutrient broth (Difco) in a Pernbach flask; the 
flask was shaken on a rotary shaker for I6 hr at 37° C. 
Cells were removed by centrifugation at 12,000 x g for 10 
min and were resuspended in 50 ml of saline-EDTA buffer 
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(0.15 M NaCl, 0.1 M ethylene-diamine-tetraacetic acid (EDTA), 
adjusted to pH 8.0). Lysozyme (Grade I, Sigma Chemical Co.) 
was added to a final concentration of 1.0 mg/ml and the 
cells were incubated for 1 hr at 37° C. Sodium lauryl 
sulfate was added to a concentration of 2.5 percent and the 
mixture was incubated for an additional hour. After the 
addition of 15 ml of 5 M sodium perchlorate, the mixture was 
heated to 65° C for 15 min and cooled to room temperature. 
An equal volume of chloroform-iso amyl alcohol (24:1, v:v) 
was added, then the mixture was gently shaken on a wrist-
action shaker for 10 min, transferred to Corex centrifuge 
bottles, and centrifuged at 2,500 x g for 10 min. The top 
layer was removed with the wide end of a 10-ml pipette. The 
DNA was precipitated by carefully adding 2 volumes of cold 
95 percent ethanol, spooled on a stirring rod, and dissolved 
in 50 ml O.IX standard saline citrate (SSC - O.15 M NaCl 
and 0.015 M Na^ -citrate, adjusted to pH 7.0), which was 
then brought to 55 ml with 5 ml of lOX SSC. The DNA-SSC 
solution was treated with Pronase (Calbiochem, Los Angeles, 
Calif.) at a final concentration of 1 mg/ml for 2 hr at 
37° C; the Pronase was heated before use at 80° C for 10 
min to inactivate any nucleases that might be present in 
the Pronase preparation. The DNA was then deproteinized 
again with chloroform-iso amyl alcohol, precipitated, and 
spooled. Spools of DNA were held in the refrigerator 
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overnight In 95 percent ethanol, and then were dissolved In 
sterile SSC and stored In the refrigerator. The final con­
centration of DNA was determined by the Burton modification 
of the dlphenylamlne assay (Burton, 1956). 
The regimen for bringing recipient cells to maximum 
competence was that of Ephratl-Ellzur (1965). Approximately 
1 X 10^  spores of the recipient culture were Inoculated 
into 10 ml of minimal medium, supplemented with necessary 
growth requirements and 0.01 percent yeast extract, in a 
250-ml Erlenmeyer flask. After incubation on a rotary shaker 
for 16 hr at 37° C, the culture was diluted 1:10 into fresh 
medium and was incubated for an additional 2 hr. At this 
point the cells were at maximal competence : donor DNA was 
added to a concentration of 1 lag/ml. The culture was shaken 
for 1 hr at 37° 0 on a wrist-action shaker, and appropriate 
dilutions were plated on minimal agar. 
After a selective, linked auxotrophic marker for amy was 
found, the marker frequency analysis of Yoshlkawa and Sueoka 
(1963a, b) and Sueoka and Yoshlkawa (1965) was used to 
approximate the position of the linked auxotrophic marker. 
This was also done using known origin and terminus markers 
as indices of relative position of the markers on the 
bacterial chromosome. DNA from strain W23 was extracted 
from cells 2 hr into exponential phase and from cells in 
stationary phase. The 2 hr- and stationary-phase DNA 
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preparations were used because they should transform 
markers located at different sites on the chromosome at 
different frequencies. Early In exponential phase, the 
chromosome is dividing very rapidly, thus there is a 
proportionately larger number of origin markers being 
replicated at a given time. In stationary phase, chromosomal 
replication is completed, so there should be equal numbers 
of origin and terminus markers. By normalizing the number 
of transductants obtained for a terminal marker with the 
exponential and stationary phase DNAs and then comparing 
these values to those obtained for origin and unknown 
markers, the approximate positions of the unknown markers 
can be determined. 
Ethidlum Bromide Elimination 
The procedure of Bouanchaud, Scavlzzi, and Chabbert 
(1969) was used to gather presumptive Information concerning 
possible eplsomal location of the amy marker by testing 
resistance of amy to elimination by ethidlum bromide (EB). 
The minimum inhibitory concentration (MIC) of ethidlum 
bromide was determined by inoculating 0.1 ml of an 
exponential-phase culture of wild type strain I68 into 5 
ml of nutrient broth containing different molarities of 
EB. The concentration that showed complete inhibition of 
growth after 8 hr was chosen as the MIC. Cells from this 
dilution were plated on nutrient-starch plates (nutrient 
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agar plus 0.2 percent soluble starch). The absence of a 
halo of hydrolysis around the colony when the plates were 
flooded with Lugol's iodine solution indicated that the 
colony might have lost its amylase-producing capacity. 
Thin-Layer Chromatography 
The malto-oligosaccharides produced from starch by 
the a-amylase of B. subtilis l68 were determined using thin-
layer chromatography (TLC). The procedure of Weill and 
Hanke (1962) was used. Glass TLC plates (20 cm x 20 cm) 
were coated to a final thickness of 25O u with a slurry of 
5.4 gm Kieselguhr G (Brinkmann) in 11 ml of water. Plates 
were air dried, and were activated prior to use by heating 
at 105° C for 30 min in a forced air oven. Starch (5 ml of 
a 1 percent solution) plus 1 ml of culture supernatant were 
Incubated for various times, and reaction mixtures were 
spotted on a TLC plate with a |al syringe (Hamilton Co., 
Whittier, Calif.). A malto-oligosaccharide mixture, kindly 
supplied by Dr. John Robyt, was also spotted. The plate 
was developed in a chromatography chamber (Brinkmann 
Instruments, Inc., Westbury, N.Y.), using a solvent con­
taining butanol, ethanol, and water (50:30:20, v:v:v); the 
solvent front was allowed to rise at least l4 cm. The 
plate was removed from the chromatography chamber and 
allowed to air dry in a horizontal position. To define 
the locations of malto-oligosaccharide, the plates were 
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sprayed with an indicator solution (95 percent ethanol, l8 
ml; conc H2SO4, 1 ml; p-anisaldehyde, 1 ml; and glacial 
acetic acid, 0.3 ml) and heated in a forced air oven at 
105° 0 for 25 min. 
Amylase Assay and Growth Curves 
Growth curves were performed by inoculating 50 ml of 
nutrient broth in a 250 ml flask with 1 loopful of spores 
from a sporulation slant. Samples were removed aseptically 
and the optical densities determined at 540 nm on a 
Spectronic 20 colorimeter (Bausch and Lomb). After removal 
of the cells from the medium by centrifugation, amylase 
activities were determined by the blue value reduction 
method described by Robyt and Whelan (1968). One ml of 
enzyme was added to 5 ml of a 1.0 percent soluble starch 
(Merck according to Lintner) solution in 0.01 M phosphate 
buffer. The enzyme-substrate mixture was incubated at 37° C 
for 30 min, then a 0.1 ml sample of the digest was removed 
and added to 5 ml of iodine solution. Fresh iodine solution 
was prepared each day by diluting 10 ml of stock iodine 
solution in 1000 ml of water containing 1 ml conc HCl. The 
stock iodine solution contained 2 gm/l of iodine and 20 
gm/l of KI and was stored in a tightly-stoppered, brown 
bottle. The optical density (O.D.) of the starch-enzyme-
iodine mixture was determined at 620 nm. Iodine solution 
and iodine solution plus starch were used to calibrate the 
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colorimeter. Amylase activity (percent reduction in blue 
value) was expressed as x 100 where Do is the O.D. 
of the starch blank and D1 is the O.D. of the enzyme digest. 
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RESULTS 
In an attempt to better understand the processes 
Involved in amylase synthesis and control, growth curves 
and amylase assays were performed on a culture growing under 
repressed and derepressed conditions. One liter of nutrient 
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broth in a Pernbach flask was inoculated with 3.5 x 10 
spores of B. subtilis strain SBl. The culture was shaken 
at 37° C on a rotary shaker. After 7 hr of incubation, 10 
ml was removed and used to inoculate a flask of repression 
medium (nutrient broth plus 0.5 percent glucose). After 
incubation for 4 hr at 37° C, 10 ml was removed from the 
flask of repression medium and added to a flask of sterile 
nutrient broth devoid of glucose. Samples for assay were 
removed from the flasks at hourly intervals. The results 
of this experiment are shown in Figure 1. 
The initial growth curve included a long lag period of 
about 3-1/2 hr, due to the time required for spore germina­
tion and outgrowth. A much shortened lag, about 1 hr, was 
evident in growth curves 2 and 3, since the inoculum was 
rapidly growing vegetative cells. Amylase assays con­
ducted simultaneously with the growth curve revealed that 
there was a lag comparable to the time required for spore 
germination in the initial culture (nutrient broth). 
Enzyme production was negligible until 6 hours after 
inoculation; there was an almost linear increase in pro-
Figure 1. Growth curves and extracellular amylase production by repressed and 
derepressed cultures of B. subtllls SBl. A flask of nutrient broth 
fflask l) was inoculated with spores of B. subtllls, and the O.D. 
(O) and amylase activities (#) were monitored. After 7 hr of 
Incubation, a flask of nutrient broth containing 0.5 percent glucose 
fflask 2) was inoculated from flask 1; O.D. (a) and amylase values 
(•) were determined periodically on samples taken from this flask. 
A flask of nutrient broth (flask 3) was inoculated from flask 2 
after 4 hr of incubation, and O.D. (A) and amylase activities (A) 
were measured periodically. Values shown in Figure 1 were obtained 
by multiplying O.D. readings by the dilution factors needed to bring 
the samples within the range of the spectrophotometer 
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auction of amylase from 6 hours until termination of the 
experiment. Upon transfer to a medium containing 0.5 
percent glucose, there was a comparatively short lag with 
a very rapid increase in optical density as the readily 
utilized carbon and energy source was consumed, followed 
by a rapid slowing of growth after 5 hr of incubation. 
AnQTlase production was retarded considerably by the glucose, 
probably as a result of catabolite repression. The effect 
was not immediate, since amylase in the medium increased 
for the first several hours of incubation, remained steady 
for about 12 hours, then increased slowly. 
When the culture was returned to fresh derepression 
medium, the growth curve paralleled that of the original 
inoculum, except the curve was displaced by the time 
period required for spore germination. Derepression of 
the glucose effect appeared to be quite rapid and the amount 
of enzyme synthesized reached levels attained in flask #1 
within about 1 hr. 
These results showed that the catabolite repression 
exerted by glucose was not very stringent, amylase production 
was not rapidly slowed upon addition of glucose, and a low 
level of amylase production was obtained during repression 
of strain SBl. Derepression occurred much more rapidly 
than repression; optimal levels of enzyme production were 
readily obtained from a freshly-derepressed culture. 
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The action pattern on starch of an enzyme preparation 
obtained from B. subtllls l68 was determined by using TLC 
of starch degradation products. The purpose of determining 
the action pattern of strain l68 amylase was twofold. 
First, It was appropriate to determine what the action 
pattern was because B. subtllls alpha-amylases vary In 
their characteristic action patterns. Second, I wanted to 
develop a TLC technique that would allow satisfactory 
resolution of starch degradation products. In hopes of 
avoiding the lengthy and cumbersome high temperature paper 
chromatographic method commonly used. A variety of solvent 
and Indicator combinations were examined; the optimal method 
that resulted from these experiments was described in the 
previous section. The resolution obtained with this method 
is shown in Figure 2; differentiation of starch hydrolysis 
product to G^ o was possible. The spots were most readily 
observed and photographed by Inverting the developed TLC 
plate and viewing it through the glass surface. The 
primary end products of starch hydrolysis, after S hr of 
incubation with the crude enzyme preparation from strain 
168, are maltose, maltotriose, and maltotetraose (G^, G3, 
and G4), as shown in Figure 3. The results of the growth 
curves, enzyme assays, and action patterns all indicate 
that the alpha-amylase from strain 168 was typical of that 
of B. subtllls W23. This is opposed to B. amyloliqulfaclens 
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A B C D E F 
Figure 2. TLC plates of digests of starch by B. subtllls 
amylase preparations. B. subtllls l68 anorlase: 
A, standard Gi-Gnc (10 ng); B, 2-hr digest;  ^
C, 4-hr digest; D, o-hr digest; E, standard 
G1-G15; P, standard plus the 8-hr digest. As 
can be most readily observed In sample D, 
the predominant end products from action of 
B. subtllls 168 amylase on starch were Gg, 
G3, and G4 
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which is the name given to high producing strains of B. 
subtilis by Welker and Campbell (1967). 
Mutagenesis of derivatives of strain I68 resulted in 
a series of amylase negative and amylase regulatory mutants. 
Although Yuki (I967) reported that ultraviolet irradiation 
of spore preparations was the best method for obtaining 
amylase negative mutants; I found that NG treatment yielded 
more mutants. Both methods were tedious because no selection 
system was satisfactory for isolation of amy mutants ; 
thousands of colonies had to be screened before a single 
mutant could be detected. Use of the iodine vapor technique 
to determine the presence or absence of hydrolysis around 
colonies required some care. If plates were exposed to the 
iodine vapors for too long a time, the colonies which were 
picked and streaked for sub-culture were nonviable. There­
fore, plates were exposed only until the starch in the 
medium was adequately stained and no longer to keep killing 
of the colonies to a minimum. 
With the acquisition of amylase-negative mutants, it 
was possible to begin transduction crosses with known 
markers to determine the chromosomal location of the 
amylase gene. Since Yuki and Ueda (I968) had isolated 
aro-116, a linked auxotrophic marker to the amylase 
structural gene, the first region studied was the known 
aro region of the chromosome. Dubnau et al. (1967) reported 
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that there is a cluster of aro genes closely linked to the 
trp, his, tyr region of the Group IV transduction group. 
Analysis of this region was aided by the fact that strains 
yyua and Mu8u5ul amy were amylase mutants containing 
known auxotrophic markers in this region. The results of 
the crosses within Group IV are shown in Table 2. As can 
be seen, all markers were cotransduced without cotrans-
duction of the amylase marker. These results directly 
eliminated this area of the chromosome as the site of the 
an^ lase gene. As seen in Table 2, the transduction system 
was definitely shown to be functioning well because the co-
transduction frequencies obtained between known linked 
markers were close to those reported by Dubnau et al. 
(1967). 
At this point it was mere speculation as to the region 
of the chromosome that might contain the amylase gene. 
Therefore, cultures were obtained from several generous 
Investigators; these cultures permitted transduction of 
representative markers that encompassed all known linked 
markers on the B. subtllis chromosome. A linkage map, 
together with the established PBSl cotransduction rates 
between the markers used, is shown in Figure 3. By using 
amylase-negative donors and selecting for known auxotrophic 
markers the transductants were tested for acquisition of 
the amy lesion, as revealed by the inability of the trans-
Table 2. Linkage data from the Group IV linkage group 
lys (trp, his, tyr) metB y^ e amy 
0/334**** 
' (33)*32/8l** - 60*** 
(74) 16/60 - 73 
(90) 8/60 - 87 
(49) 44/114 - 62 
(59) 16/79 - 80 
(10) 87/122 -  29 
*Linkage value determined by Dubnau et al. (1967). 
**Number of colonies with linked marker/total number of colonies tested. 
***(100-percentage of cotransduction)-Linkage value determined by the same 
method as Dubnau et al. (1967). 
****Linkage of amy to the four markers tested. 
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ductants to produce a halo of starch hydrolysis on selection 
agar containing starch. As shown in Table 3, amy was found 
not to be linked to any known auxotrophic marker. 
It was felt that a direct selection system for the 
amylase gene would be desirable. Therefore, the minimal 
selective medium was depleted of all readily-assimilable 
carbon sources except starch, and a mixture of one amylase-
positive cell per 10,000 amylase-negative cells was plated 
on the depleted minimal-starch medium. The amylase-positive 
cells apparently died before enough amylase could be pro­
duced to provide for growth of a colony and no differentiation 
between amylase producing and nonproducing cells could be 
seen. A direct selection system for amylase production was 
not found. 
Since no linkage of amy to known markers of the B. 
subtllis chromosome could be demonstrated, it was felt that 
perhaps the gene might be located on an autonomous piece 
of DNA, a plasmid. To test this hypothesis, an ethidium 
bromide elimination experiment was conducted, using the 
procedure of Bouanchaud et al. (1969). The minimum 
inhibitory concentration curve for ethidium bromide on 
B. subtilis 168 is shown in Figure 4. Plate counts and 
results of amylase screening tests, indicated that there 
was no elimination of the amylase gene during incubation 
in an inhibitory concentration of ethidium bromide, as 
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Table 3. Crosses of amy with known auxotrophic markers and 
reciprocal crosses of known auxotrophic markers 
with aro-10 
amy"/transductants* 
Known 
marker 
Auxotroph/aro-10** 
transductants 
0/21 
0/117 
5/1690 
1% 
0/425 
0/159 
0/380 
0/388 
0/227 
0/537 
0/204 
p 
0/229 
0/172 
sacA 
purAl6 
cysAl4 
str 
purB6 
thr-5 
cysB3 
hisAl 
argC4 
metA3 
ura-26 
argA3 
leu-8 
phe-12 
lys-17 
trp-2 
metB5 
ile-1 
asp 
0/148 
0/157 
0/200 
0/247 
0/161 
0/200 
0/200 
0/181 
0/200 
0/200 
0/163 
0/163 
0/73 
0/77 
0/200 
The amylase negative donor used to transduce selected 
phenotype which is listed in the center column. 
**aro-10, amy-3 recipient, aro^  selected phenotype. 
donor, gene in center column. 
would be expected if the gene was an extrachromosomal 
plasmid. These results were interpreted to indicate that 
the aiiQr structural gene was chromosomal, although negative 
results can always be viewed with some skepticism. 
Indirect methods of marker location, such as marker 
frequency or density transfer, could not be used to approxi-
Figure 4. Failure of ethidium bromide treatment to 
eliminate the amylase gene of B. subtilis. 
Optical density of cultures after b hr of 
incubation at 37° C. Cells plated from each 
concentration of ethidium bromide, and colonies 
examined after 24 hr for production of an^ rlase. 
Fraction given at each sample is number of 
colonies not producing amylase/number of colonies 
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mate the position of amy on the B. subtilis chromosome 
because of the complete lack of a selection system for 
amy. The need for a selective linked auxotrophic marker 
was obvious, so screening of NG mutants for an aro lesion 
similar to the aro-ll6 isolated by Yuki and Ueda (1968) 
was initiated. Prom a series of aro mutants, one isolate, 
designated aro-10, was found by Jim Wehrenberg to cotrans-
form with amylase at a frequency of about 35 percent. This 
linkage was found to be constant when using DNA concentra­
tions ranging from 2.0 to 0.01 Mg/ml in the transformation 
system. The mutant, aro-10, was also very stable; there 
was an extremely low reversion rate, making aro-10 ideal 
for transduction experiments. Confirmation of the direct 
linkage of aro-10 to amy-3 was shown by cotransduction using 
both PBSl and SPIO. 
Mutant aro-10, amy-3 was used as the recipient and a 
series of known auxotrophic markers was used as donors. 
Transductants were picked, streaked on selective media 
devoid of the appropriate nutrient, and tested for their 
ability to grow. This reciprocal cross was felt to be 
advantageous because the screening of amylase production 
in the original crosses was of questionable, reliability. 
The results of these transductions are shown in Table 3. 
These crosses merely confirmed the results obtained previ­
ously; no linkage could be demonstrated between aro-10 
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(amy) and any known chromosomal marker. 
The demonstration of an auxotrophic marker linked to 
amy allowed the use of the marker frequency analysis tech­
nique in an additional attempt to discover the location of 
the auxotrophic marker (and, therefore, amy) on the B. 
subtilis chromosome. By using the metB5 marker as a 
reference of a near terminal marker, experiments were per­
formed using strains Mu8u5u6j aro-10, amy 3; and 32IB. The 
results of these experiments are shown in Table 4. The con­
version of marker frequency values to map position values 
was done using the conversion table of Sueoka and Yoshikawa 
(1965). Values for the reference positions were taken from 
0'Sullivan and Sueoka (1967). There was considerable 
variation in the calculated position of the aro-10 marker; 
however, it was certainly located near the origin because 
at all times there was considerable enrichment of the marker 
in DNA extracted from exponential phase cultures when 
compared with DNA from stationary phase cultures. The 
average map position obtained from three marker frequency 
experiments was O.152. Since no chromosomal auxotrophic 
markers have been reported to be located in the area of 
the chromosome from 0.15 to 0.25; this could explain why 
aro-10, amy 3, was found not to be linked to known markers 
examined. Therefore, 0,152 seems to be a reasonable map 
position (M.P.) value. 
Table 4. Marker frequency analysis of aro-10 
Selected Total colonies 2 hr ratio x M.P. M.P.^  
marker 2 hr DNA 24 hr 24 hr ratio met (expt) (ref) 
Experiment 1 
purAl6 3506 3014 1.163 1.83 0.13 0.02 
purBô 333 305 1.091 1.72 0.21 0.11 
leu-8 1902 2379 .799 1.26 0.67 0.62 
metB5 1121 1783 .634 1.00 (ref) 1.00 1.00 
aro-10 1013 807 1.255 1.97 .02 
Experiment 2° 
metB5 546 553 .987 1.00 1.00 (ref) 1.00 
leu-8 1001 759 1.31 1.32 0.58 0.62 
aro-10 839 528 1.59 1.61 0.312 ave (0.152) 
sacA 190 201 .95 0.96 1.07 
4=-
4=-
&M.P. = map position. 
P^ooled results of two experiments. 
R^esults of a third experiment performed with a different DNA concentration. 
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Of some Interest is the M.P. value obtained for the 
sacA gene. Lepesant et al. (I969) reported that sacA is 
indirectly linked to purAl6 by a sacR gene, indicating 
that sacA would be the marker closest to the origin ever 
found. However, as shown in the marker frequency analysis, 
sacA is not enriched when exponential phase DNA is used; 
rather, a map position even more terminal than the 
reference metB marker was obtained. Thus, if the linkage 
data of Lepesant et al. (1969) and the marker frequency 
data reported here are correct, this would be the first 
genetic demonstration of circularity of the B. subtilis 
chromosome. 
The results of cotransformation and cotransduction of 
aro-10 and aroPll6 are shown in Table 5. Cotransduction 
of strain SBII6 was not possible due to the high reversion 
frequency which was comparable to the PBSl transduction 
frequency. However, upon transformation of the marker with 
DNA from amy donors, the amylase lesions were cotransformed 
at an even greater efficiency than the aro-10 lesion. 
Nasser and Nester (1967) genetically linked all the enzymes 
involved in aromatic amino acid synthesis except the aroP 
lesion in strain SBII6 which was not linked to the other 
aro mutants. Therefore, this gene, governing the production 
of chorismic acid synthetase, exists in a unique area of 
the chromosome that is not linked to any known chromosomal 
46 
Table 5. Linkage of amy to aro-10 and aroF 
Linkage Percentage 
Transfer method ratio linkage 
PBSl transduction 
of aro-10 
Transformation 
W23 DNA 
SP-10 transduction 
of aro-10 
Transformation 
with amy-1, 2, 3^  DNA 
of aroP 
139/160 86.9# 
45/153 29.4# 
48/81 59.3# 
156/317 49.2# 
markers except the amylase structural gene. 
A final note must be made on the isolation of amylase 
regulatory mutants. The results of these experiments are 
incomplete but seemingly worth mentioning. Whenever I tried 
to isolate amylase-negative mutants, I also looked for 
zones of hydrolysis which were larger than normal. This 
yielded many colonies, which on streaking out for purity, 
yielded normal colonies; however, six strains were found 
which seemed to continue to produce excess amounts of 
amylase on nutrient starch agar plates. These isolates 
were streaked on sporulation slants and allowed to sporulate. 
A loopful of spores was used to inoculate 2 flasks of 
nutrient broth plus 0.2 percent starch; one flask contained 
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no added glucose and 1.0 percent glucose was added to the 
medium of the second flask. The flasks were shaken 24 hr 
and the culture supernatant was tested for amylase activity. 
The results of these tests are shown in Table 6. As can be 
seen, two cultures, amyR4 and amyR5, seem to produce more 
amylase than the parent wild type, but also have a partic­
ularly stringent catabolite repression affecting amylase 
production. After storage in the refrigerator for 6 months, 
these cultures were retested for their amylase production 
characteristic, but the over-production could not be re-
demonstrated. This was apparently due to very high reversion 
to the original genotype. The further study of the regulatory 
mechanisms would be of interest in the light of this apparent 
multiple form of regulation. 
Table 6. Production of amylase by amylase regulatory 
mutants grown in the presence and absence of 
added glucose j 
Percent reduction blue value at 30 min 
S train No glucose 1.0^  glucose 
168 42.6 31.4 
amyRl 85.7 41.6 
amyR2 75.0 23.1 
amyR3 79.3 28.2 
amyR4 87.7 15.2 
amyR5 80.6 0.0 
amyR6 77,8 34.1 
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DISCUSSION 
Initial attempts at genetic transfer in B. subtilis 
168 were unsuccessful for a variety of reasons. Satis­
factory propagation and titration of the transducing phage 
PBSl seemed to present the greatest problems. Using a 
variety of broth and soft agar propagation methods, I tried 
to obtain lysates with greater than 10^ ® pfu/ml. It was 
felt that this number would be necessary for satisfactory 
transductions. The PBSl propagation system was found to be 
very variable with the same method yielding very different 
titers. When lysates were prepared with 5 x 10^  to 2 x 10^ ® 
pfu/ml these were used to transduce auxotrophs of strain 168. 
Very low frequencies of transduction were found when the moi 
was adjusted to 1. Apparently the titrations were quite 
inefficient and the actual number of lytic particles in 
the lysate was greater than the number of plaque forming 
units seen during titration. This became obvious when the 
lysates were viewed in a dark-field microscope. The number 
of PBSl particles in the field were apparently present in 
one to two orders of magnitude greater than the titer 
predicted by plaque counts. Thus, the actual moi was much 
greater than that predicted by the soft agar titration 
technique. The use of Takahashi's (1963) propagation 
procedure, although yielding low titers was found to pro­
vide transducing lysates with sufficient efficiency of 
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transduction to allow analysis of the transductants. 
After analyzing the gene linkage in linkage Group IV, 
it was obvious that the transduction system was definitely 
operating properly because the linkage values obtained 
were close to those found by Dubnau et al. (1967). Sub­
sequently, all of the known regions were transduced with 
no apparent linkage to the amylase gene. Thus, it appeared 
that perhaps the gene was in an area of the chromosome that 
could be transformed but could not be transduced with PBSl. 
Dubnau, Davidoff-Abelson, and Smith (1969) had demonstrated 
that integration of the genetic material seems to occur 
by two distinct mechanisms in transformation and trans­
duction. The efficiency with which genes are transferred 
can vary greatly depending on the method of transfer. I 
postulated that the region around the amy gene was struc­
turally very unstable and thus could not be transferred 
intact as the large piece of DNA necessary for PBSl trans­
duction. This theory was subsequently proven incorrect when 
aro-10 and amy were found to cotransduce by using PBSl with 
a very high degree of efficiency. With subsequent crossing 
of the aro-10 marker and all the known regions of the 
chromosome, it was confirmed that nonlinkage was indeed 
the case. 
Although attempts to link the amylase gene to a known 
area on the B. subtilis chromosome have not been successful. 
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further experiments can be done. The isolation of aro-10 
makes additional experiments to determine the precise position 
possible. The map position obtained by marker frequency anal­
ysis provides a very strong indication that the position is 
between purBô and thr-5. This is the only area of the 
chromosome in which known markers have not been linked using 
PBSl transduction. Density transfer experiments could be 
done to help confirm this position; however, both marker 
frequency analysis and density transfer yield at best approxi­
mate values for gene position. This is readily seen when the 
linkage map of Dubnau et al. (1967) is compared to the trans­
fer map of O'Sullivan and Sueoka (1967). Although transfer 
and marker frequency methods allow orientation of markers 
which are separated by considerable distances, these methods 
do not consistently yield precise map positions. The PBSl 
transduction system allows unambiguous proof of gene linkage 
and these values are highly reproducible. 
To determine the position of the aro-10, aroPllô, and 
amy markers, additional mutants must be obtained with 
lesions in this area of the chromosome. An optimal method 
for obtaining these mutants would be possible by using 
the procedure of Lacks, Greenberg, and Carlson (1968). 
This method utilizes the fact that nitrous acid acts as 
a mutagen optimally in the region of the chromosome which 
is replicating. Since the approximate position on the 
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chromosome of the aro-amy cluster is known, synchronously 
germinated spores could be allowed to replicate to this 
point at which time nitrous acid would be added to the 
cells and either nutritional or temperature-sensitive 
mutants isolated with lesions in the region of aro-amy. 
These could then be contransduced with PBSl to purB6, aro-
amy, and thr-5,* actual linkage values could be obtained. 
Additional experiments of this type would be helpful both 
to determine the actual site of the amylase gene and to aid 
in closing the few large gaps in the linkage map of B. 
subtilis. 
Unfortunately, this study has done little to advance 
our knowledge of the mechanisms involved in transcription, 
translation, and secretion of the amylase molecule. Yuki 
and Ueda (1968) found that the amylase gene was transformed 
as a single gene amenable to fine structure mapping and 
linked to aro-ll6. The present study has demonstrated 
that aro-ll6 (Yuki and Ueda, 1968), aroPll6 (Nasser and 
Nester, 1967) and aro-10 (isolated in this study) are the 
same gene, the structural gene for chorismic acid synthetase. 
This gene and amy represent a separate linkage group on the 
B. subtilis chromosome. It is an unusual quirk of fate 
that aro-ll6 and aroFll6 both have the same strain number 
since they were isolated independently at different times 
on separate continents. These two genes, plus the amy 
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regulatory gene, apparently reside between purBô and thr-5. 
Additional study of the regulatory gene would be 
especially desirable since the only two previous reports 
(Yuki, 1968; Yamaguchi et al., 1969) have dealt only with 
the rate controlling nature of this gene in different 
strains. Preliminary experiments with regulatory mutants 
indicate that this gene also participates in the catabolite 
repression of amylase in strain I68. Physiological char­
acterization of additional regulatory mutants would perhaps 
yield illuminating evidence as to the nature of the control 
of amylase formation. This data would be of considerable 
value, since the mechanisms involved appear to be quite 
different than those of the other major extracellular 
enzymes of B. subtilis, the proteases and ribonuclease. 
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